To improve the performance of sparse representation based space-time adaptive processing methods, the multiple measurement vectors joint sparse representation (MMV-JSR) model of MIMO radar received signal of testing range cell is established. Then, MMV FOCal Underdetermined System Solver is applied to estimate clutter-target space-time spectrum. At last, clutter plus noise covariance matrix and the weight vector of STAP processor are calculated based on the clutter distribution obtained by using the rough priori knowledge of target. Numerical results demonstrate that our method has great performance of clutter suppression and target detection. (a) Improvement Factor (b) Normalized output power Fig. 2. Clutter suppression and target detection performances of different methods
Introduction
Space-time adaptive processing (STAP) is an effective technique for airborne radar to detect moving target [1] . However, traditional statistical STAP methods are usually difficult to be applied in the non-stationary and heterogeneous environments because of the lack of independent and identically distributed (IID) training cells. Inspired by the theoretical and empirical advances of sparse representation (SR) techniques, SR-based STAP methods [2, 3, 4] are proposed in recent years. Those methods can obtain accurate clutter plus noise covariance matrix (CNCM) estimation with only few training cells. However, there are two problems that restrict the application of those methods. First, the required IID training cells are still hard to obtain in seriously non-stationary scenarios. Second, calculation error of sparse representation needs to be further reduced.
To overcome the problems mentioned above, we apply MMV-JSR [5, 6] technique and MIMO radar to the CNCM estimation. We first demonstrate how MIMO radar received signal of testing range cell can be expressed as multiple snapshots with joint sparsity. Then, clutter-target space-time spectrum is estimated by M-FOCUSS algorithm. At last, by using the rough priori knowledge of target, the CNCM and weight vector of STAP processor are calculated. Numerical results demonstrate that the proposed method has great performance of clutter suppression and target detection.
SR-based STAP methods
For SR-based STAP methods, angle-Doppler plane is first discretized into N s Â N d grids. Then, radar received data of lth training cell is expressed as
where 0ðf dp ; f sq Þ is the space-time steering vector of pth normalized Doppler bin and qth spatial frequency bin, l ðp; qÞ is the corresponding amplitude and n l denotes noise. Eq. (1) can be rewritten in the matrix form as
where É ¼ ½0ðf d1 ; f s1 Þ; . . . ; 0ðf dN d ; f sN s Þ and l ¼ ½ l ð1; 1Þ; . . . ; l ðN d ; N s Þ T are space-time dictionary and clutter space-time spectrum of lth training cell, respectively.
After that, SR-based STAP methods apply SR technique to solve Eq. (2). Specifically, those methods try to solve the following optimization problem
Once l is obtained, the CNCM R l;SR of lth training cell can be calculated [2] . After that, given the clutter of lth training cell is IID with that of testing cell, the weight vector of STAP processor can be computed based on R l;SR .
To get better estimation accuracy of l , a small number of training cells are usually employed. The first method (we call this L-average SR-based method) performs Eq. (2) on L training cells [2] and then calculates CNCM based on the average clutter space-time spectrum
l . The second method (JSR-STAP method) selects L IID training cells to obtain multiple snapshots X ¼ ½x 1 ; x 2 ; . . . ;
x L and the JSR equation
. . . ; L and N ¼ ½n 1 ; n 2 ; . . . ; n L [4] . After Ç is estimated, the 2-norm of each row of Ç is computed to obtain, based on which CNCM is calculated. However, there are two problems needing to be overcame. First, calculation error of sparse representation may be serious. Also, for the first method using multiple cells, because the sparse representation is performed in single training cell separately, simple average may cause calculation error accumulation. Second, for the second method using multiple cells, the needed IID training cells are generally unavailable in the seriously non-stationary environment.
MMV-JSR based STAP method using MIMO radar
In this section, to solve the problems discussed above, we propose a novel STAP method using MMV-JSR, MIMO radar and the rough priori knowledge of target.
MMV-JSR model of MIMO radar received signal
Consider a monostatic uniform linear array airborne MIMO radar with M transmitting elements and N receiving elements uniformly spaced by d T and d R respectively. The platform is at an altitude H with a constant moving velocity of v a . The number of pulses at a constant pulse repetition frequency (PRF) f r is K. For the mth transmitting waveform and kth pulse, the echoes from the testing cell on the nth receiving element can be expressed as
where N c is the number of clutter patches, ¼ d T =d R and i is the amplitude of ith clutter patch. f di ¼ 2v a cos ' i cosð i À p Þ=f r and f si ¼ d R cos ' i cos i = are the normalized Doppler and spatial frequency of ith clutter patch respectively. i and ' i are the azimuth and elevation angle. p is the placed angle between array and flight direction, and λ is the wavelength. t , f dt and f st are amplitude, normalized Doppler and spatial frequency of target. n 0;m;n;k is noise.
Stacking the received signal of mth waveform, we get
With the similar operation of SR-based methods, we can obtain
where 0;m is the clutter-target space-time spectrum of testing cell corresponding to the mth waveform. If all waveforms are available, we have
where X 0 ¼ ½x 0;1 ; x 0;2 ; . . . ; x 0;M , Ç 0 ¼ ½ 0;1 ; 0;2 ; . . . ; 0;M and N 0 ¼ ½n 0;1 ; n 0;2 ; . . . ; n 0;M . According to [6] , if 0;m , m ¼ 1; 2; . . . ; M satisfy two assumptions, they have joint sparsity. First, 0;m is sparse. Second, 0;m , m ¼ 1; 2; . . . ; M have the same sparsity structure. To analyze the sparsity of 0;m , m ¼ 1; 2; . . . ; M, we rewrite Eq. (5) as
where È ¼ ½0ðf d1 ; f s1 Þ; 0ðf d2 ; f s2 Þ; . . . ; 0ðf dN c ; f sN c Þ and B 0;m ¼ ½ 0;m;1 ; 0;m;2 ; . . . ; 0;m;N c T . Theories of clutter degree of freedom (DOF) [7] indicate that clutter can be represented by only Q ¼ rankðÈÞ vectors of È, Eq. (8) can thus be transformed to
where each column of V 0;m is chosen from È and Ä 0;m ¼ ½ 0;m;1 ; 0;m;2 ; . . . ; 0;m;Q T . Therefore, 0;m is sparse, i.e. only a small portion of elements of 0;m are significant. For m Ã 2 ½1; 2; . . . ; M, m Ã ≠ m, the matrix form of x 0;m Ã is
where D ¼ diagfexp½j2ðm Ã À mÞf s1 ; . . . ; exp½j2ðm Ã À mÞf sN c g.
Based on rankðÈÞ ¼ rankðÈDÞ, Eq. (10) could be transformed to
Comparing Eq. (11) with Eq. (9), we learn that 0;m Ã and 0;m have the same clutter subspace and signal model of target, which indicates that sparsity structures of vectors 0;m ; m ¼ 1; 2; . . . ; M are equivalent [3] . Therefore, Eq. (7) belongs to the MMV-JSR problem.
Spectrum estimation and adaptive weight vector calculation
In this subsection, M-FOCUSS algorithm [6] is utilized to solve Eq. (7) to estimate the clutter-target space-time spectrum. After that, the CNCM and weight vector is calculated by
X N s q¼1 j 0 ðp; qÞj 2 0ðf dp ; f sq Þ0 H ðf dp ; f sq Þ þ 2 I NK ; ðp; qÞ = 2 ðf st ; f dt Þ ð12Þ
where 0 is obtained by calculating the 2-norm of each row of Ç 0 and ðf st ; f dt Þ ¼ fðp; qÞj jf dp À f dt j d & jf sq À f st j s g ð 14Þ
is the rough priori knowledge about the Doppler and spatial frequency domain including target. 
Spectrum estimation accuracy
In the first example, we compare the spectrum estimation accuracy of the proposed method with that of SR-based STAP method, L-average SR-based STAP method and JSR-STAP method. The tolerance constants are d ¼ s ¼ 8. L ¼ 8 training cells are selected for L-average SR-based method and JSR-STAP method. As shown in Fig. 1 , compared with SR-based method and L-average SR-based method, our method has much less calculation errors, which reflects that our method can obtain more accurate space-time spectrum estimation. Although JSR-STAP method has the nearly same performance as our method, it requires 8 training cells. Moreover, as we will show later, clutter distribution differences of those training cells will cause poorer performance.
Clutter suppression and target detection performance
In the second example, clutter suppression and target detection performances of the mentioned four methods are evaluated. Parameters used here are all the same as those in the first example. Fig. 2(a) indicates that L-average SR-based method has the worst clutter suppression performance because of the calculation error accumulation. Our method outperforms other methods due to the intrinsic better performance of MMV-JSR than SMV-SR and the training cell-independence of our method. Fig. 2(b) shows the normalized output power of different methods ranging from 20th to 60th range cells. The proposed method obtains the best target detection performance by making the output power of No. 41 range cell 28.54 dB beyond the maximum output of the other range cells.
Conclusions
In this paper, we have proposed and examined a novel STAP method for target detection in the heterogeneous and non-stationary clutter environment. Because of the utilization of MIMO radar, MMV-JSR and the rough priori knowledge of target, the proposed method can overcome two problems that restrict the practical application of SR-based STAP methods. Specially, the proposed method could estimate CNCM accurately with only testing range cell, thus exhibiting a great performance of clutter suppression and target detection.
